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1 | INTRODUCTION
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Abstract

Assembly processes in marine microbial communities amended with crude oil and
chemical dispersant are poorly understood and even more so when biosurfactants
are used. We set up a microcosm experiment in which microbiome structure was ana-
lyzed using 16S rRNA gene amplicon sequencing and six null models to better under-
stand and quantify the mechanisms and patterns controlling the assembly of a marine
crude oil degrading microbial community in the presence of chemical dispersant or
rhamnolipid biosurfactant. Although each null model quantifies different aspects of
the community assembly, there was a general agreement that neither purely sto-
chastic nor purely deterministic processes dominated the microbial communities, and
their influence was variable over time. Determinism was dominant in the early phase
of incubation, while stochasticity was prevalent in the middle and late stages. There
was faster recruitment of phylogenetically distant species in the dispersant-amended
community compared to oil-only or rhamnolipid-amended communities. This analysis
provides important insights of how chemical dispersants and rhamnolipid influence
microbial communities' dynamics and identified which groups may be excluded—an

important consideration for biodegradation process and oil spill response.
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settings. Several recent studies have demonstrated that through

improved methodology and interpretation, null models can provide

Marine bacterioplankton play a vital role in dissolved organic carbon
cycling, nutrient recycling, and photosynthesis and form the basis of
the marine food web (Azam et al., 1983). Until the development of
next-generation sequencing (NGS), little was known about the diver-
sity, functions, and community structures of marine bacteria (Amann
etal., 1995). Thereis a general lack of understanding of how microbial

communities assemble under varying conditions and environmental

valuable insight of the underlying ecological processes in microbial
community assembly and in estimating their relative importance
(Presley et al., 2010; Stegen et al., 2015a; Tucker et al., 2016; Vass
et al., 2020; Verster & Borenstein, 2018). For instance, the assem-
bly of rock pool (Vass et al., 2020) and anaerobic digestion (Trego
et al,, 2021) communities were assessed using a combination of

null models, showing that dispersal limitation might have a more
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important role in the community assembly than previously thought.
In a human gut microbiome, a lottery-based null model identified a
clade-based assembly in which one group or species is the “winner”
(hence the name “lottery”) that solely occupies a given niche due to
a competitive advantage over other, often closely related, species
(Verster & Borenstein, 2018). Furthermore, a null model developed
by Darcy et al. (2020) revealed that human microbiome generally fol-
lows what the authors called the “nepotism” hypothesis, that is, close
relatives are more likely to be recruited in a community than dis-
tant relatives (also known as phylogenetic underdispersion) in con-
trast to the lottery winner model. Tucker et al.'s framework (Tucker
et al.,, 2016), which differentiates between neutral and niche com-
munity, has been applied to investigate the response of soil micro-
bial communities to an anthropogenic disturbance (Lee et al., 2017)
and to explore the role of ecological selection, drift, and dispersal in
assembling the bacterial communities associated with domesticated
and wild wheat species (Hassani et al., 2020).

Through a combination of several approaches and ecological
frameworks (see Table 1), we can begin to piece together the dynam-
ics of assembly processes over space and time, and under varying
environmental conditions. These processes include both stochastic
and deterministic mechanisms. Stochastic neutral theory assumes
that species respond to chance colonization, extinction, and ecolog-
ical drift, not because of their traits or that of their competitors, but
rather because of random changes and thus have no interspecific

TABLE 1 Brief summary of the null models used in this work

Null model Description

Normalized stochasticity
ratio (NST)

A method that allows any type of beta-
diversity measure, whether it is
incidence-based (presence-absence)
or abundance-based and gives a
percentage of stochasticity for

samples belonging to a single category

The effect of deterministic and stochastic
factors on explaining the differences
between multiple categories

Hill numbers

Differentiation between niche and
neutral community assemblage
processes

B-null deviation

Determination of the dominant
assembly process between two given
communities

Quantitative Process
Estimate (QPE)

Lottery model Determination of clade-based community
assembly where a single taxonomic
group solely occupies a given niche
due to a competitive advantage over

other species (i.e., lottery winner)

Characterization of the species
distribution across treatments in
relation to priority effects

Phylogenetic dispersion
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trade-offs (i.e., species are neutral) (Hubbell, 2001). Niche theory,
on the other hand, assumes that site-to-site variations in species
composition ares determined entirely by their specific traits, local
habitat conditions, and interspecific relations, which in turn cre-
ates different niches that benefit different groups of species (de-
terminism). The work of Chase and co-workers, however, stipulates
that the assembly of local communities is simultaneously driven by
both deterministic and stochastic processes (Chase, 2010; Chase &
Myers, 2011). Their framework is built around the concept that beta-
diversity patterns can resolve the relative influence of deterministic
from stochastic processes in assembling the community structure
along environmental gradients (e.g., space and time) (Chase &
Myers, 2011).

Traditionally, large-scale crude oil spills in the marine environ-
ment are treated with chemical dispersants to increase the surface-
to-volume ratio of the oil, thereby increasing its biological availability
to microorganisms and, consequently, enhancing its biodegrada-
tion (National Research Council of the National Academies, 2005).
During the historic Deepwater Horizon oil spill that occurred in the
Gulf of Mexico in 2010, approximately seven million liters of the dis-
persant Corexit were used in response to the release of an estimated
700,000 tonnes of Louisiana light crude oil (McNutt et al., 2012).
Research into the response and diversity of marine hydrocarbon-
degrading microorganisms to this large spill revealed that disper-
sant exposure significantly altered microbial community dynamics

Input Reference

Any beta-diversity metric as long as Ning et al. (2019)
it is normalized to have a range

between 0 and 1. Abundance-based

RuZi¢ka and incidence-based Jaccard

metrics were deemed to have a

superior performance in view of the

simulations done by the author

Jaccard and Bray-Curtis dissimilarity Modin et al. (2020)

metrics

Tucker et al. (2016)
Lee et al. (2017)

Abundance-based (Bray-Curtis) -null
deviation metric.

Abundance-based phylogenetic (UniFrac)
measure

Abundance table and phylogenetic tree Stegen et al. (2013)
on which fNTI and BRC are calculated

for all pairs of samples

Verster and Borenstein
(2018)

Proportionally normalized abundance
matrix

Abundance table and phylogeny for Darcy et al. (2020)
samples that have temporal behavior

which is captured as probability of

recruitment. This is calculated as

difference in phylogenetic diversity

fitted with a logistic regression
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and selected for specific taxa responding to hydrocarbons (Doyle
et al., 2018; Dubinsky et al., 2013; Gutierrez et al., 2013; Miller
etal.,2020; Redmond & Valentine, 2012). Furthermore, chemical dis-
persants were shown to inhibit oil degradation by suppressing some
of the most effective hydrocarbon degraders such as Marinobacter
and Rhodococcus (Hackbusch et al., 2020; Hamdan & Fulmer, 2011,
Kleindienst et al., 2015; Rahsepar et al., 2016; Rughoft et al., 2020).
Biosurfactants, on the other hand, have for several decades been
proposed as an effective, sustainable, and environmentally friendly
alternative to chemical dispersants, but there remains a scarcity of
available empirical data to substantiate this and, more specifically,
their effect on microbial communities in the context of oil spills. In
our previous work, we set up a microcosm experiment with chemi-
cally and biosurfactant-dispersed crude oil in natural seawater from
a subarctic region of the northeast Atlantic (Nikolova et al., 2020).
Although having a similar community composition initially, the com-
munity dynamics in the biosurfactant-dispersed oil microcosms be-
came very distinct from that amended with chemically dispersed
oil over time, suggesting that biosurfactants and dispersants select
for different species. A similar outcome was observed in a more
recent work comparing multiple chemical dispersants to rhamno-
lipid (Thomas et al., 2021). However, most studies investigating the
effects of dispersant on microbial community have only relied on
metagenomic and/or proteomic analyses to describe and measure
the effect of dispersants on individual taxonomic groups (e.g., obli-
gate hydrocarbon-degrading species) and not on a community level
in terms of assembly. The identification and quantification of eco-
logical processes in microbial communities is relatively new concept
with some of the model frameworks developed in the last 2 years.
In this study, we aimed to resolve patterns in the microbial com-
munity structure and assembly that improve our understanding of
the role that chemical dispersants and biosurfactants play in the
natural hydrocarbon biodegradation process. For this, we used 16S
rRNA sequence data from our previous work and applied a set of
recently developed null model frameworks (Table 1) which offer

ecological insights.

2 | MATERIALS AND METHODS

2.1 | Sample collection, experimental set-up, and
barcoded 16S rRNA amplification

Field sample collection, microbial microcosms set-up, and 16S rRNA
amplicon lllumina sequencing used to perform the null models in
this study have been described elsewhere in greater detail (Nikolova
et al., 2020). Briefly, surface seawater was collected from the Faroe-
Shetland Channel (FSC) (60°16.36'N; 04°20.60'W). The seawater
was used for the preparation of three main water accommodated
fractions (WAFs) according to established protocols (Aurand &
Coelho, 2005; Kleindienst et al., 2015). The first WAF contained
seawater and crude oil only and is referred to as WAF. A Chemically
Enhanced WAF (CEWAF) was prepared with seawater, crude oil, and

addition of the synthetic dispersant Finasol OSR-52 (Total Fluides,
France) at a dispersant-to-oil ratio (DOR) of 1:20. Biosurfactant
Enhanced WAF (BEWAF) was prepared with seawater, crude oil
and rhamnolipid (at least 90% monorhamnolipids produced by
Pseudomonas aeruginosa) at the same DOR as in the CEWAF. All
three WAFs contained the same volume of filter-sterilized seawater
(1,560 ml) and Schiehallion crude oil (120 ml). In addition, two con-
trol WAFs were set up to contain only seawater and Finasol (SWD)
or rhamnolipid (SWBS). After mixing for 48 hr, the three WAFs con-
taining crude oil were allowed to stand undisturbed for 1 hr to allow
for any undispersed oil to settle to the surface. The aqueous phase
from each of the WAF mixtures was then carefully collected and
used to prepare the microcosm treatments. Each treatment (in trip-
licates) contained 66 ml of the previously prepared WAF, CEWAF,
BEWAF, SWD, or SWBS added to unfiltered seawater to a total vol-
ume of 300 ml in acetone-rinsed, acid-washed, and autoclaved 500-
ml glass bottles with Teflon-lined caps, leaving 200 ml of head space
to ensure aerobic conditions. All bottles were placed on a roller table
to maintain constant gentle mixing (15 rpm) at 9.7°C (in situ tem-
perature at the time of sampling in the FSC) for 4 weeks in dark-
ness to exclude the effect of photooxidation on the biodegradation
of crude oil. At the beginning of these incubations (day 0), and then
subsequently thereafter at days 3, 7, 14, and 28, each treatment was
subsampled for DNA extraction following the method of Tillett and
Neilan (2000).

2.2 | High-Throughput Sequencing and
bioinformatics

DNA extraction, Illlumina barcoded-amplicon sequencing, and bio-
informatic processing are described in detail elsewhere (Nikolova
et al., 2020).

2.3 | Microbial community assembly

Multiple null models (Table 1) were used for comprehensive and
quantitative estimation of the fundamental ecological mechanisms
driving community assembly. The null models were applied on the
full amplicon sequences variants (ASVs) obtained after bioinformatic
processing with the removal of reads belonging to mitochondria and
chloroplast. The null models were performed in Rv3.5.3, and Python
and visualizations were conducted in R.

2.3.1 | Normalized stochasticity ratio (NST)

The NST for each treatment was calculated to measure the actual
contribution of determinism in relation to stochasticity based on
incidence-based Jaccard and abundance-based similarity RuZic¢ka
metrics using null model algorithms of Taxa-Richness constraints

of proportional-proportional (PP) and proportional-fixed (PF), as
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recommended by Ning et al. (2019). For this, the “tNST” function
from NST package in R was used (Ning et al., 2019). When using
abundance-based metric Ruzi¢ka, null taxa abundances in each sam-
ple were calculated as random draw (1,000 times) of the observed
number of individuals with probability proportional to regional rela-
tive abundances of null taxa in the treatments. The microbial com-
munity assembly is completely deterministic when NST is 0% and
completely stochastic when NST is 100%. Permutational multivari-
ate analysis of variance (PANOVA) was used to test whether the dif-
ferent treatments differed in their NST. Next, we calculated the NST
of the seawater amended with oil (WAF), oil + dispersant (CEWAF),
oil + biosurfactant (BEWAF), and of the nonamended seawater (SW)
treatment over time to determine whether the proportion of sto-
chasticity changed with time. The NST method becomes less precise
when there are less than 6 replicates (Ning et al., 2019), and there-
fore, the temporal dynamics in each treatment were explored with

Hill numbers null model.

2.3.2 | Hill numbers null model

Hill numbers are a set of diversity indices that can be plotted as
continuous functions of the parameter g (Alberdi & Gilbert, 2019)
representing the diversity order which determine the weight given
to the relative abundance of ASVs in a community. Hill numbers
null model framework used in this study was developed by Modin
et al. (2020) and was implemented to quantify the dissimilarity be-
tween the microbial communities over time. For this, a Hill numbers
beta-diversity dissimilarity index 9d was computed, with values
scaled between O (similar) and 1 (dissimilar). The %d quantifies the
effective average proportion of ASVs that are not shared between
communities. Next, a null model generated a null version of a sam-
ple in which the number of ASVs was randomly picked from a real
sample based on the frequency of samples in which the ASV was
found and then populated the picked ASVs with reads equating to
the total number of reads of the real sample. The randomization was
applied 999 times to generate a null distribution for the dissimilarity
between communities. If the values of observed dissimilarity (%d) and
null distribution are similar, then stochastic factors are likely to cause
the observed dissimilarity, and if higher or lower than the null distri-
bution, deterministic factors that favor different or similar microbial
taxa in two categories/treatments cause the observed dissimilarity.
The calculation of 9 and null distributions was performed in the qdiv
package for Python3 (Modin et al., 2020).

2.3.3 | Tucker's beta-null model

The beta-null framework developed by Tucker et al. (2016) (hence
the name Tucker's beta-null model) was used to differentiate be-
tween neutral and niche communities. It is based on quantitative
abundance-based (Bray-Curtis) dissimilarity matrix which was com-

plemented by Lee et al. (2017) to integrate phylogenetic relatedness
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information with the taxonomic abundance (generalized UniFrac).
The UniFrac dissimilarity metric was therefore used to calculate the
beta-null deviation values, which are indicative of the magnitude of
deviation between the observed and expected beta-diversity from
randomly assembled pair of samples. The number of randomizations
was set to 999. Beta-null deviation values were calculated only for
the three oil-amended treatments (WAF, CEWAF, and BEWAF). The
beta-null deviation values between treatments for each time point
were tested for significance with two-way ANOVA and post hoc

Tukey's test. Significance was accepted for p-value <0.05.

2.3.4 | Quantitative process estimates (QPE)

QPE requires niche distances to correlate with phylogenetic dis-
tances (i.e., phylogenetic signal) so that phylogenetic turnover (the
evolutionary distance differentiating taxa in one community from
taxa in another community) can be estimated (Stegen et al., 2013).
To perform QPE, the extent to which the abundance-weighted B-
mean-nearest taxon distance (BMNTD) deviated from the mean of
the null distribution was determined (after 999 randomizations) and
the significance was evaluated by the B-Nearest Taxon Index (BNTI;
difference between observed MNTD and the mean of the null dis-
tribution in units of SDs). The presence of phylogenetic signal across
short distances was assumed post hoc based on the observed sig-
nificant values of BNTI as discussed elsewhere (Stegen et al., 2013;
Trego et al., 2021). For instance, variable selection assembles the
microbial community if the BNTI value is greater than 2. In contrast,
the community is assembled by homogeneous selection when the
BNTI is less than -2. In the case when there is no significant devia-
tion from the null expectation, dispersal limitation, homogenizing
dispersal (mass effect), or undominated processes (in which neither
dispersal nor selection is the primary cause for compositional varia-
tions between communities) should drive the observed differences
in phylogenetic community composition. To determine the relative
importance of each of these processes, the abundance-based (Raup-
Crick) beta-diversity was calculated using pairwise Bray-Curtis dis-
similarity metric (ﬁRCbray) (Stegen et al., 2013).

2.3.5 | Lottery-based assembly model

The lottery-based assembly model was used to characterize the spe-
cies distribution across treatments amended with crude oil with/
without dispersant or rhamnolipid biosurfactant and to identify
any microbial guilds whose distribution reflects a competitive lot-
tery schema (Sale, 1979). The protocol developed by Verster and
Borenstein (Verster & Borenstein, 2018) was followed with some
exceptions. Briefly, the first step was to quantify how often species
distribution within a group/guild includes a lottery winner (i.e., a
group member that represent >90% of the group's abundance). The
background expectation of the winner prevalence parameter was

determined by implying a null model on the species abundances,
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which assumes a stick breaking process (Higgins & Strauss, 2008;
MacArthur, 1957). Second, a measure of the diversity of lottery
winners was calculated by the Shannon diversity of the distribution
of winners across samples. This measure is referred to as the fre-
quency at which each ASV occurs as the lottery winner among all
samples/treatments in which lottery winner is observed. Diversity
was normalized between O and 1 to account for differences in lot-
tery winners. ASVs that had less than 5,000 reads appear at <0.05%

abundance and had less than 3 ASVs were filtered out of the analysis.

2.3.6 | Phylogenetic dispersion model

The aim of the phylogenetic dispersion model was to estimate the
extent of recruitment of new species in a microbial community over
time based on how similar or dissimilar they are from previously
recruited species (Darcy et al., 2020). The model characterized the
probabilities of detecting new species in a local community over time
and then simulated the data 500 times to produce surrogate datasets
forward in time, which were then used to evaluate the null phylodis-
persity distribution D* and the amount of phylodispersity (i.e., the
sum of branch lengths on a phylogenetic tree for a set of species) ac-
cumulated over time PD_ . A logistical error model (Darcy et al., 2020)
is then performed to generate the dispersion parameter D which de-
termined the extent to which either closely related or distant spe-
cies were preferentially added to the surrogate community. D value
>0 means that phylogenetically distant species are preferentially
recruited in the local community (overdispersion; phylogenetically
divergent), whereas D < O indicate the opposite—phylogenetically
similar species are detected in the local community (underdispersion;
phylogenetically constrained). If D = O, all species have the same
probability of being detected for the first time (neutral).

3 | RESULTS

3.1 | Stochastic versus deterministic assembly
processes on a temporal scale

In general, the NST revealed that the microbial community assem-
bly in the studied treatments were neither purely deterministic nor
purely stochastic as indicated in Figure 1. The in situ FSC community,
the crude oil and seawater WAF treatment, and the seawater only
control (SW) had the same NST value of 56%, while the rhamnolipid-
amended oiled seawater treatment (BEWAF) had a NST of 51%,
suggesting that the communities' assembly in these treatments
was driven slightly more by stochastic processes. Communities in
the treatments with added chemical dispersant Finasol (CEWAF
and SWD), in contrast, were dominated by deterministic processes
as their NST was, respectively, 38% and 35%. PANOVA analysis re-
vealed that the CEWAF treatment was significantly different from
the SW control treatment (p = .019) and the SWD treatments was
significantly different from the BEWAF (p = .038), WAF (p = .018),

and the SW (p = .002) treatments. The rest of the treatments were
not found to be significantly different from each other (Table S1).

Next, we looked at the temporal dissimilarity between the mi-
crobial communities in BEWAF, CEWAF, and WAF treatments for
a range of diversity orders using Hill-based indices and compared
them to the null expectation (Figure 2a). The observed temporal
dissimilarity between day O and day 3 had % values >0.8, 0.7, and
0.3 for WAF, BEWAF, and CEWAF, respectively. However, as time
progressed, the BEWAF and CEWAF communities showed less dis-
similarity from the null distribution than the WAF community, and
therefore, the null expectation of random (i.e., stochastic) commu-
nity assembly in BEWAF and CEWAF could not be rejected. During
the first seven days of incubation, the microbial communities in the
BEWAF and WAF treatments were more similar to each other than
either was to the CEWAF. However, during the second half of the
incubation period (days 7-14, and days 14-28), the CEAWF and
BEWAF communities were more similar to each and more dissimilar
to the WAF community (Figure 2a). Collectively, the NST and Hill
numbers approaches showed that stochastic processes could play
more important roles in controlling community succession in its mid-
phase and late phase, while deterministic processes could be more
important during the early phase. A similar trend was also observed
for the control treatments SWBS, SWD, and SW (Figure S1).

3.2 | Tucker's beta-null model

Next, we quantified the relative contribution of niche and neutral
processes in the assembly of the bacterial communities in seawater
microcosms amended with crude oil (WAF) and dispersant (CEWAF)
or rhamnolipid (BEWAF). The WAF treatment deviated from the
null expectation toward a significant increase in the contribution of
niche processes in the community assembly by the end of the incu-
bation time period (Figure 2b). In contrast, the relative contribution
of niche processes in the BEWAF and CEWAF microcosms was more
variable over time. The analysis of the weighted UniFrac deviation
from null model indicated that the relative contribution of neutral
processes was more dominant in the BEWAF treatments assembly
over the late phase of the studied period (days 14-28) (Figure 2b).
BEWAF's Bray-Curtis null deviation was significantly different from
that of the CEWAF on day 28, indicating that phylogenetically dis-
tinct ASVs between the two treatments might play a role in shap-
ing the bacterial community assembly toward more niche or more

neutral processes.

3.3 | Quantitative process estimates (QPE)

The aim of the QPE was to estimate the relative importance of se-
lection driven by deterministic processes, dispersal driven by sto-
chastic processes resulting in drift, and undominated processes.
Considering the overall dynamics of these processes in the differ-

ent treatments, there are some clear differences. For the in situ FSC
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FIGURE 1 Normalized stochasticity ratio (NST) calculated based on abundance-based Ruzi¢ka metric and Taxa-Richness constraints of
proportional-fixed (P-F) and proportional-proportional (P-P) which stipulates that the probabilities of taxa occurrence are proportional to the
observed occurrence frequencies, and taxon richness in each sample is either fixed or proportional. Treatments: in situ seawater (FSC), crude
oil-amended seawater (WAF), crude oil +dispersant-amended seawater (CEWAF), crude oil + rhamnolipid-amended seawater (BEWAF),
seawater amended with Finasol (SWD) or rhamnolipid (SWBS), and nontreated seawater (SW; control)

community, random undominated processes were the dominant
assembly process (67%) followed by homogeneous selection (33%)
(Figure 2c). On the other hand, in the rest of the treatments, the
dominant assembly processes were undominated processes (rang-
ing 29%-52%), homogeneous selection (19%-27%), and dispersal
limitation (3%-27%). Undominated processes were the least impor-
tant in the CEWAF (29.5%) and the SWD (35.9%) treatments, while
in the WAF and seawater control (SW) treatments they dominated
the assembly in more than 50% of community pairs (Figure 2c).
Homogeneous selection had similar relative importance in all of the
treatments (except the in situ FSC). Dispersal limitation was similarly
important in the assembly of communities in all treatments (20.9%-
27.6%) except for the in situ FSC community and the SWD treatment
where the dispersal limitation was not important at all (0%) or in very
small proportion (3.8%), respectively. Among all treatments, variable
selection was relatively important in only two treatments—CEWAF
(17%) and SWD (30.7%). Next, we plotted the temporal profiles for
QPE for each treatment, although limited to only those treatments
which have more than two replicates available (Figure S2). Generally,
undominated processes were the most dominating throughout the
incubation period for all treatments. However, it is important to note
that, other than cross comparing the BNTI estimates for multiple cat-
egories indirectly, the QPE method is not designed to incorporate
temporal behavior directly, and, hence, the temporal assembly varia-

tion cannot be reliably explained with this method.

3.4 | Competitive lottery-controlled genera

The distribution of species across treatments and identity of lot-

tery “winners” were characterized with the help of the lottery-based

assembly model. The ASV distribution was expected to display two
fundamental features. First, a single group member captures >90%
of the group's abundance (the “lottery winner”) in each treatment,
and, second, different treatments should have different lottery win-
ners. The winner prevalence (the fraction of samples in which one
ASV was assigned >90% of the genus abundance) and the winner
diversity for each genus in the WAF, CEWAF, and BEWAF treat-
ments were plotted in Figure 3a. Pseudophaeobacter was the lottery
winner in the WAF treatment as it was present in 85% of samples
and showed highest winner diversity (41%). Similarly, one ASV of
Cycloclasticus was in 71% of the WAF samples but it had a higher
winner diversity than Pseudophaeobacter. The lottery winner in the
BEWAF treatment was Pseudohongiella which was present in 80% of
the samples. In the CEWAF treatment, the genus with the highest
winner prevalence was a different Cycloclasticus ASV (from the one
in the WAF treatment) but it had a winner diversity of 1, meaning
that this particular Cycloclasticus ASV was not consistent with the
competitive lottery schema. Groups that have low winner preva-
lence and comparatively higher winner diversity likely reflected
that the group abundances were more evenly distributed among the
group ASVs (e.g., Peredibacter, Hyphomonas). Interestingly, however,
all lottery winners had very low relative abundance in their respec-
tive microcosms (Figure 4).

3.5 | Phylogenetic dispersion

The phylogenetic dispersion model provided a view into temporal
dynamics in the recruitment of new species in the local community
in relation to their phylogenetic similarity or dissimilarity to already

existing members of the community which colonized it at a previous
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time point (Darcy et al., 2020). Varying D" changed the rate at which
the phylodiversity was added to the resampled microbial communi-
ties over time (Figure 3b), and overall, the results showed that the D
parameter successfully corresponded to over- and underdispersion
relative to the neutral model (Figure S3). The CEWAF treatment had
the highest D value (D > 0) compared to the other two oil-amended
treatments (WAF and BEWAF), indicating that the presence of dis-
persant changed the phylogenetic colonization patterns to a pref-
erential and faster recruitment of phylogenetically distant species
in the community (i.e., overdispersion). In contrast, the WAF and
BEWAF treatments had D value of less than O which suggests that
there was underdispersion or phylogenetically similar new species
were detected in the local community. In other words, the addition of
dispersant caused the local community to become phylogenetically

divergent as time progressed, whereas the addition of rhamnolipid

caused the opposite trend —that is, a phylogenetically constrained
community. The oil by itself (WAF) also caused a constrained com-
munity but less so compared to the rhamnolipid-amended oil treat-
ment (BEWAF). All treatments had significantly different D values
(p < .001) (Figure 3b).

4 | DISCUSSION

4.1 | Stochastic versus deterministic assembly

It has been generally accepted that both deterministic and stochastic
processes occur simultaneously in the assembly of local communities
(Chase et al., 2011). Bacterial communities across all communities

studied here were neither purely stochastic nor purely deterministic.
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In particular, the NST showed that the oil-only control treatment
(WAF) and untreated seawater control (SW) had more stochastically
assembled communities, while the communities in the treatments
with added dispersant Finasol (CEWAF and SWD) were more deter-
ministic. It is likely that the presence of dispersant triggered a micro-
bial response related to deterministic succession. Furthermore, Hill
numbers model revealed that the relative importance of stochas-
ticity over determinism varied substantially over time. Stochastic
processes were more prevalent in the mid-phase and late phase of
incubation, while deterministic processes are more important in the
early phase (within 3 days) in all treatments. This result seems to fit
the intuition that adding carbon source (e.g., crude oil and/or disper-
sant/biosurfactant) or altering the environmental conditions should
drive selection and hence leads to a more deterministic outcome in
the beginning, and as disturbance effect is weakened (e.g., the oil is
increasingly biodegraded), stochasticity would increase near to the
original level (Zhou et al., 2014). This is a demonstration that driv-
ers controlling biodiversity and community succession are dynamic
rather than static in oil-polluted fluidic ecosystems (Dini-Andreote
et al., 2015; Zhou et al., 2014).

4.2 | Neutral versus niche assembly

The Tucker's beta-null deviation model successfully differenti-
ated patterns of niche and neutral processes in the three crude
oil-amended treatments (WAF, CEWAF, and BEWAF) in the pres-

ence of either dispersant or rhamnolipid over time, suggesting that

the presence of dispersant and rhamnolipid did have an important
role or even were selective factors in the community assembly pro-
cesses. Neutral processes had a more prominent role in the assem-
bly in the rhamnolipid-amended oil treatment (BEWAF) than in the
oil-only and Finasol-amended oil treatment (CEWAF). This finding
suggests that the addition of rhamnolipid had not applied strong
selection on the assembly of oiled seawater microcosms. The op-
posite, and contrary to the NST results, was observed for the oil-
only treatment (WAF)—clear niche community assembly pattern. A
plausible explanation is that the oil selected for highly specialized
species, while the dispersant and rhamnolipid allowed more gener-
alist taxa to thrive (Nikolova et al., 2020). The difference between
the observation drawn from the NST and Tucker's beta-null model
can be attributed to the different dissimilarity metrics used to calcu-
late the null deviation values. While the NST approach is built upon
abundance-based matrix, the Tucker's null model was modified to
integrate phylogenetic relatedness information with the taxonomic
abundance and, hence, increase our confidence in the cause of the
observed dissimilarity between treatments. One disadvantage of
the beta-null model is that it does not reveal exactly what processes

affect the community.
4.3 | Importance of selection and dispersal
According to QPE, all treatments were dominated by dispersal limita-

tion, homogeneous selection, and undominated mechanisms (weak

selection and moderate dispersal). Generally, selection has more
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detectable influence over microbial communities (Ning et al., 2019;
Stegen et al., 2013; Zhou & Ning, 2017) and the same was observed
in this study. The importance of variable selection was substantially
higher only in the treatment containing Finasol dispersant (CEWAF
and SWD). In fact, the variable selection causes an increase in

the spatial environmental heterogeneity as time (i.e., succession)

progresses which leads to compositional differences across local
communities (Dini-Andreote et al., 2015). As expected, homog-
enizing dispersal was not an important factor in the community as-
sembly in our closed-system microcosms. However, in open marine
ecosystems where there is a rapid dispersion and population move-
ment (i.e., high connectivity) (Langenheder & Ragnarsson, 2007,
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Zhou et al., 2014), dispersal is expected to play a stronger role.
Undominated processes were the most dominant in the majority of
treatments but notably lower in both Finasol-amended treatments
(CEWAF and SWD). The dispersal limitation was relatively higher
than it would be expected for open ocean ecosystems, likely because
the microbial microcosms in this study were enclosed in bottles and
thus spatially differentiated from each other with no direct disper-
sal occurring. For this reason, it is important to be mindful that in-
terpretation of the relative importance of dispersal limitation in the
context of this study should be done with caution. There is growing
evidence, however, to support that the dispersal limitation can actu-
ally be a more important dominating factor in marine microbial com-
munities than previously thought, especially when acting together
with drift (Dumbrell et al., 2010; Stegen et al., 2015b). Other micro-
bial studies, including in close systems such as anaerobic digestors
(Trego et al., 2021) that used quantitative process estimates, have
demonstrated the substantial proportion of the dispersal limitation
or historical contingency (such as priority effects) in community as-
sembly (Langenheder et al., 2017; Vass et al., 2020; Wu et al., 2018).
It is reasonable to suggest that in an oil spill in the field, dispersant
or biosurfactant application would not have a strong deterministic
effect due to the higher dispersal rates observed in oceanic systems.
Stochasticity is influenced by an interaction between dispersal and
selection, with stronger selection causing an increase in drift or pri-
ority effects (Evans et al., 2017). The importance of drift is consid-
ered higher when selection is weak, and the local community size is
small (Vellend, 2010). Until recently, pure drift was practically impos-
sible to measure, and even more so for microbial communities where
the other ecological processes act simultaneously (Vellend, 2010).
However, in controlled experiments on simplified synthetic bacterial
communities, drift was successfully quantified via direct observa-
tions at the population level using an experimental set-up that iso-
lates drift from other processes and subtracts the experimental and

methodological noise (Fodelianakis et al., 2020).

4.4 | Lottery winners

The lottery winner ASVs varied between treatments in accord-
ance with the competitive lottery schema. Furthermore, the lot-
tery winners in each treatment did not occur at the same frequency
as assumed by the lottery schema (Verster & Borenstein, 2018).
A winner diversity approaching O means that the same species is
selected in all cohorts for a given clade. There were a number of
genera with very high winner prevalence but very low winner di-
versity, including Cycloclasticus and Sulfitobacter, that did not involve
complete competition-derived exclusion but rather strong coexist-
ence with other species in the microcosms or even more complex
assembly that combines exclusion and coexisting patterns (Verster &
Borenstein, 2018). Taking into consideration the relative abundance
of the top 25 most abundant ASVs observed in Nikolova et al. (2020),
it became apparent that the lottery winners in each treatment were

not necessarily the most abundant species identified. For example,
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Cycloclasticus was identified as a potential lottery winner in the WAF
treatment. Cycloclasticus, which is a polycyclic aromatic hydrocar-
bon (PAH) degrader, was found to dominate the WAF's community
composition in the late stages of incubation, while early stages were
dominated by Colwellia and Oleispira, which are aliphatic (e.g., alkanes)
and low-molecular-weight PAH degraders. It is logical then to as-
sume that microbial succession, driven by competition for resources,
occurred in the WAF treatment—that is, Cycloclasticus outcompeted
Colwellia and Oleispira. This succession of aliphatic hydrocarbon de-
graders becoming enriched initially and then being followed by PAH
degraders is a common occurrence during oil spills at sea (Head et al.,
2006). Furthermore, Cycloclasticus had a relative abundance of <1%
across all CEWAF samples and it is highly likely that just one ASV
was entirely responsible for the observed low abundance. According
to the lottery-based assembly model, a single Cycloclasticus ASV was
present in 100% of all samples in the CEWAF treatments but did not
fit the assumptions of the competitive lottery schema. This suggests
that this particular Cycloclasticus ASV was either outcompeted by
other species (potentially more adept to the presence of dispersant
or able to engage in resource partitioning) observed in the CEWAF
treatment (e.g., by Rhodobacteraceae) to the point where its abun-
dance never exceeded 1%, or the presence of the dispersant Finasol
itself might have selected against it. Interestingly, generalist species
Pseudophaeobacter and Pseudohongiella were projected the lottery
winners in the WAF and BEWAF treatments, respectively, but both
had less than 1% abundance in the respective treatments (Nikolova
et al., 2020). In fact, Pseudophaeobacter represented up to 40-fold
higher abundance in the CEWAF treatment, while Pseudohongiella
was most abundant in the WAF treatment. It is possible that there
was other more complex assembly schema (which the lottery-based
assembly method could not explain) that Pseudophaeobacter and
Pseudohongiella conformed to in comparison to Cycloclasticus. For
example, although they were lottery winners, both species could
have facilitated subsequent species that “join” the ecosystem (i.e.,
respond to crude oil) to flourish. It is also possible that as generalists,
Pseudophaeobacter and Pseudohongiella have more opportunities
for niche diversification, outcompeting the rest of the community
members.

5 | PHYLOGENETIC DISPERSION

The phylogenetic dispersion model is the most recently developed
null model and hence, it has not been tested in other environmen-
tal microbial studies. Nevertheless, the model provides a valuable
insight into the largely unknown area of how and when microbial
communities are colonized by phylogenetically similar or dissimilar
relatives (Darcy et al., 2020). Microcosm treatments with added dis-
persant Finasol (CEWAF and control SWD) were the only two treat-
ments that had D values >0 indicating that their microbial community
had become more phylogenetically divergent as time progressed and
there was little preference of which species were recruited first (i.e.,
random colonization). The rest of the treatments (WAF, BEWAF, and
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the controls SWBS and SW) followed a “nepotistic” pattern of new
species recruitment. This “nepotistic” pattern was described as a re-
cruitment pattern in which new species that are closely related to
the already existing member of the community are more likely to be
recruited than distantly related species (D’Andrea et al., 2019; Darcy
et al., 2020). Traditionally, community ecology assumes that compe-
tition among closely related species would be strongest but also al-
lows similar species to coexist, especially when dispersion is high as
is in ocean ecosystems (D’Andrea et al., 2019). One explanation for
the observed overdispersion in the CEWAF treatment is that the dis-
persant caused the formation of multiple environmental gradients in
the community which provided an opportunity for different, and ar-
guably more functionally diverse, species to colonize the community
rather than explicitly promoting functionally similar taxa such as ob-
ligate hydrocarbon degraders. The multiple environmental gradients
can be attributed to the added chemical complexity of the dispersed
crude oil cause by the addition of the dispersant. Furthermore, the
QPE model showed that variable selection was only observed in the
microcosms with added chemical dispersant. Variable selection in
the microcosms with added biosurfactant and oil-only was not de-
tected and, hence, explains the observed phylogenetic underdisper-
sion which posits that recruitment of new species is slow, that is,
there is a single environmental gradient available to colonize. This is
somewhat opposite to the Tucker's beta-null model which showed
that the community in the BEWAF treatment was assembled more
by neutral processes than the CEWAF treatment.

In summary, the combination of null models revealed marked
differences in microbial consortia structure between the dispersant-
and the biosurfactant-amended microcosms and have unveiled in-
sightful structures indicative of the underlying ecological processes.
Specifically, according to the NST and QPE, neither purely deter-
ministic nor purely stochastic processes drive the community assem-
bly, but determinism was slightly stronger in the microcosms with
chemical dispersant. The Hill numbers approach highlighted that
the influence of stochasticity and determinism was dynamic over
time in all microcosms, confirming that in aquatic systems stochastic
processes have more weight in the community assembly following
the addition of nutrients, while determinism drive the assembly in
the early stages. In contrast, the beta-null approach revealed that
niche and neutrality processes were highly dynamic but overall, the
WAF community was more divergent (niche), and the CEWAF and
BEWAF had communities in which species are likely to be ecolog-
ically equivalent. This is in a disagreement with the phylogenetic
dispersion approach which showed that the CEWAF community is
phylogenetically divergent while the BEWAF and WAF treatments
likely supported closely related species. The taxonomic composition
analysis (see Nikolova et al., 2020), however, revealed that Finasol
played a major role in influencing the microbial dynamics by nega-
tively impacted diversity and selection for generalist and opportu-
nistic species (e.g., Rhodobacteracaea and Vibrionaceae) with flexible
or variable functional response that can modulate the community
functional profile in a desired direction (e.g., depending on envi-

ronmental conditions, oil biodegradation can be either enhanced

or inhibited). This effect was stronger than what was observed in
oil-only (WAF) and rhamnolipid-amended oil treatments (BEWAF),
which supported higher diversity of obligate hydrocarbon-degrading
taxa (e.g., Oleispira, Alcanivorax, and Cycloclasticus) and potentially
being more efficient in biodegrading hydrocarbons over time. Based
on this observation, we hypothesize that the domination of general-
ist/opportunistic taxa caused by the chemical dispersant in the com-
munity could be the major driver of determinism. In addition, the
most abundant species were not the “lottery winners” in the com-
munities but rather those that are resilient to environmental changes
(i.e., introduction of oil and dispersant or biosurfactant). In view of
our findings, we recommended to apply various null models and then
find the consensus agreement or consistent patterns among them.
This is particularly important as the methods capture different as-
pects of microbial consortia, whether focusing on abundances, or on
phylogeny, and may also have analytical biases. Although this study
was performed on laboratory-scaled microcosms, the measured
mechanisms revealed assembly patterns that are generally consis-
tent with theoretical assumptions and empirical data from other
microbial studies. Nevertheless, the microbial ecology of full-scale
marine systems contaminated with crude oil (i.e., offshore oil spill)
is more complex with respect to environmental conditions, oceano-
graphic dynamics, and nutrient availability, and therefore, microbial
communities in such systems are expected to be more dominated
by dispersal processes than under controlled laboratory conditions.
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